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I. Introduction

The SOFIA Wind Tunnel Model, in this instance a 2860 Ibm, 7%

scale model of a Boeing 747-200, is mounted on a 213" sting which is

cantilevered from the vertical support strut of the 14' Wind Tunnel.

Because of the size of the model and the length of the sting support,

the model/sting structure exhibits modal behavior at frequencies

lower than normally seen in wind runnel installations (for this

structure on the order of 1 to 3 Hz).

To better understand the model/sting behavior, a modal analysis was

performed using a detailed finite element model representation of

the support sting and blade. The SOFIA model was represented with

a short tube and attached lumped mass. From the finite element

analysis a number of system modes were found below 10 Hz, and of

these, two major modes were found close to one another around 3 Hz

(the flu'st being a lateral rocking and sting torsion resulting in roll of

the aircraft model and the second being a vertical sting bending

resulting in pitch of the aircraft model). Because of the lowness in

frequency and close frequency spacing of these modes, the

possibility of a flutter condition of the model/sting system was
raised.

Additionally, a lateral divergence analysis using the model/sting

finite element model was performed. Lateral divergence was found

to be clearly possible, depending on whether conservative air loading

assumptions were correct and depending upon the accuracy of the

finite element model to predict lateral restoring forces.
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The lateraldivergence concern was addressed by refiningthe air

load estimates,measuring the stinglateralrestoringforce,and

Hmiti_ngthe lateraltravelof the sting.

The flutter concern was addressed by monitoring the modal behavior
of the model/sting system during a check run through the planned
aircraft model test envelope.

II. Summary

The measured lateral restoring force for the model/sting system was
1S68 lbf/degree yaw. The refined model, blade, and sting air load
was 674 lbf/degree yaw. The resulting sting divergence criteria was
0.43.

The dynamic response of the model/sting system to the tunnel air
stream was monitored throughout a check run where the Mach
number and angle of attack settings were varied r.h.rough the
maximum values intended for the aircraft model test (Nm max =

0.88, alpha max = S degrees). From power spectrum analysis of
aircraft model acceleration measurements, model/sting resonance
amplitudes, frequencies, and damping were tracked for frequencies
up to 32.5 Hz. Growth in resonance amplitudes were moderate with
increasing Mach number and angle of attack setting, and no sharp
amplitude increases, common with the onset of flutter, were
observed. Resonance peak frequencies did move with changed Mach
number, and the frequencies of the two primary modes of concern

did cross one another during the run when the lift load compensation
system was not used. Modal damping did appear reduced at some
higher Mach points, but it appeared not to progressively reduce and
was not so close to zero as would be required for the onset of flutter.

Visual observations of _he model by the tunnel test personnel were

consistent with the power spectrum analysis. No erratic or unstable
behavior was observed, and the model obviously did not diverge or
flutter, but the low frequency, visually observable modes were
judged by some to be less damPed at higher Mach numbers.
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]l'i.Discussion

A. FiniteElement Model

A finite element model representing the sting, blade and
aircraft model was created primarily to understand the modal
behavior of the model and support system. The overall mode1 is
shown in Figure 1. The sting and blade of the model support were
modeled in detail with plate and solid elements so to accurately
capture the bending and torsional stiffnesses. The aircraft was
simply modeled with a short section of tube (of roughly the diameter
of the fuselage) extending over the length of the model/blade
connection and aft to the estimated mass center of the aircraft model,

where a mass lump including estimated inertias was rigidly
connected. A bar dement with a lumped mass apparent only in the
vertical direction was used to represent the counterweight and cable.
Bar elements were also used to represent the side tether cables to

the sting end. Both the counterweight cable and tether cable bar
elements had axial stiffness only and were of the length of the cables
themselves. The tether cable elements were pinned to earth at the
ends where they attached to the hydraulic damping cylinders, and
the counterweight end of the counterweight element was constrained
to travel in the vertical direction only. No representation of the lift

load compensation system was included. The tether damping system
hydraulics were not included other than to assume that for modal
analysis they effectively acted as a ground for the tether cable ends.
The sting end was fixed to earth and no representation of the tunnel
vertical strut was included. See Figure 2 for a solid shaded plot of
the sting, blade, and short tube representation of the aircraft model.

B. Modal Analysis

Modal analyses were performed on the model for two cases,
one with the lateral tethers attached and one with the tethers

unattached. The results of the analysis with tethers attached are
shown in Figures 3 through 12 where the first eight modes are
plotted. Figure 3 show mode 1 at 3.00 Hz which is a vertical bending
of the sting which results in a pitching motion of the aircraft model.
Figures 4 and 5 show mode 2 at 3.03 Hz which is a lateral
bending/rocking and sting torsion which results in roiling motion of
the aircraft model. Figure 6 shows mode 3 at fi.56 Hz which is
movement of the counterweight counter to the sting upon the
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counterweight cable. Figure 7 shows mode 4 at 6.45 Hz which is a
second order lateral bending. Figure 8 and 9 shows mode S at 9.15
Hz which is lateral rocMng/bending and sting torsion but with the

model moving laterally in the opposite direction to the sting. Figure
i0 shows mode 6 at 9.98 Hz which is a second order vertical bending.
Figure 11 shows mode 7 at 20.96 Hz which is third order lateral
bending, and Figure 12 shows mode 8 at 32.38 Hz which is vertical
bending where the aircraft model is out-of-phase with the sting.

The modes for the no-tether case are similar to those for the

with-tether case except for the low frequency lateral modes. With
no tethers the first mode is a lateral bending mode with little torsion
and occurs at 1.26 Hz. See Figure 13 for this mode. The second mode
is vertical bending at 3.00 Hz as seen in the with-tether case. The
third mode of this case is a lateral bending with out-of-phase torsion

at 5.06 Hz. See Figure 14 for a plot of this mode. The fourth mode is
counterweight plunging as seen in the with-tether case and again is
at 5.$6 Hz. The fifth mode of the no-tether case appears like a
second order lateral bending with model rocking/sting torsion in the
direction opposite to sting travel. See Figure 15. All subsequent
modes calculated are similar in mode shape and frequency to the
with-tether case.

In reviewing the two modal analysis cases, the tethers appear
tO cause the 1st, 3rd, and 5 th modes of the no-tether case (Figures
13, 14, and 15) to convolute to form the 2rid, 4th, and 5th modes of
the with-tether case (Figures 4, 7, and 8). Since the damping system
hydraulics were assumed to provide a pinned constraint to the tether
cable ends, the 1.26 Hz no-tether lateral mode (having little torsion)
effectively disappears and the 3.03 Hz with-tether lateral/torsion
mode appears in its place. This assumption of the damping system's
constraint behavior seems reasonable in light of subsequent testing.

A simple measurement of the low frequency modes was
performed by hand exciting the model/sting structure and counting
the oscillations over a period of time. For the with-tethers case, the

vertical bending mode was measured to be 2.86 Hz and the lateral
rocMng mode was at 3.20 Hz, which compare to the analysis
predicted values of 3.00 and 3.03 Hz respectively. The lateral
bending mode in the no-tethers case was measured to be 1.04 Hz
which compares to the analysis prediction of 1.26 Hz.
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C. Divergence Analysis

The divergence of the sting,i.e.the change in airload per

degree of angle change (relativeto the airstream)divided by the

change in structuralrestoringforce per degree of angle change, was
calculated. The finalbest estimate of the combined model, blade, and

sting airloads was 674 ibf/degree of yaw. The structuralrestoring
force was calculated to be 1568 ibf/degree of yaw. The resulting

divergence criteriawas 674/1568 or 0.43 compared to a commonly

accepted maximum divergence criteriaof 0.S.

The air load estimate was a result of detailed air loads models

generated by Ian Gilchrist of ANti. The structural restoring force
value was a result of a lateral stiffness measurement of the sting.
Measured lateral translational stiffness was converted to an
estimated lateral end rotation stiffness by utilizing the sting stiffness

distribution from the sting finite element model.

Sting divergence in the vertical direction had been previously
calculated in the sting/model design static analyses to be 0.27. The
vertical structural restoring force value calculated in that analysis
was corroborated with the finite element model, and no analysis

refinement of the air loads was necessary.

D. Flutter Concerns and Monitoring

The emstence of relatively low frequency resonance modes of

the sting/model structure and the closeness of frequency spacing of
these modes raised the concern that a flutter type behavior might

occur. One common type of flutter is associated with wings where
the torsion mode and bending mode of the wing undergo a merging

of frequencies and loss of damping due to the aerodynamic
interaction of the wing structure and airstream. The combined
torsion and bending oscillation of the wing effectively extracts

energy from the airstream which overcomes the energy losses
associated with structural and viscous damping, and at a critical

airstream velocity the resulting effective damping in the system goes
to zero. From that point energy added into the system causes the
oscillatory amplitudes to diverge and flutter results. (For a
discussion of flutter phenomenon, see Y.C. Fung, The Theory of

Aeroelasticity).



The airstresxn/wing oscillationcondition where the wing begins

to effectivelyextractenergy from the airstream isknown as the

point of aerodynamic instability.The energy extractedfrom the
airstream must be absorbed by the energy dissipatingcapabilitiesof

the structure. This airvelocityregime where energy begins to be

extracted and absorbed by the system's inherent damping
mechanisms exhibitsitselfas a lossin the measured apparent overall

damping of the structure.

Predicting ifand when structureswillreach an aerodynamic

instabilitycondition requires an involved aeroelasticityanalysis
based on structureairloading and modal characteristics.One simple

estimate given by Kiissner(seeFung, p. 164) fordetermining the
criticalairflowflutterspeed for wings is:

Ucr = w c / 2 kcr

where Ucr isthe criticalflutterspeed inft/s,w isthe torsional

frequency of the wing in radians/sec,c isthe chord length of the

vibrating portion of wing in feet,and kcr isa recommended reduced

frequency (or Sn-ouhal number) equal to 0.9 plus or minus 0.12.

Solving for w ;

w : 2 Ucr kcr / c

For Ucr : 0.88 Nm = 959.2 ft/s (maximum intended tunnel speed),

c - 2.76 feet (estimated from the aircraft model), and
kcr = 0.9 - 0.12 = 0.78 (best case assumption),

then w = 542.2 rad/s = 86.3 Hz or greater to avoid flutter.

No analysis of the aircraft model was performed to determine wing
torsion, but rationalizing that wing torsion effectively occurs during
vertical bending of the sting, then wing torsion would occur at
around 3.00 Hz due to the first with-tethers mode and at 32.38 Hz

for the eighth with-tethers mode, far below the best case suggested
value of 86.3 Hz.

Though the aircraft model wings were not expected to flutter
themselves, the possibility that the model/sting system might exhibit

a divergent oscillatory behavior akin to wing flutter, driven by the
same wing aerodynamic loads as wing flutter, was considered real
and deserving attention. Because flutter often gives little visual
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warning of its onset, it was felt that the standard procedure for
tunnel model monitoring, i.e. tunnel operator visual and strain gage
monitoring, should be augmented with a power spectrum analysis of
the model/sting response to tunnel airstream loading.

Flo Sting/Model Acceleration Measurements and Power Spectrum

Analysis

To monitor the response of the model/sr_ing during tunnel

operation, several accelerometers were pIaced on the structure to
measure the lateral and vertical accelerations, and these
measurements were analyzed and monitored with a signal analyzer

having capability for real time power spectrum analysis. The
accelerometers were located as shown on Figure 16. One vertically
oriented accelerometer was placed in the aircraft model on the cavity
forward bulkhead (the cavity was closed), and a laterally oriented
accelerometer was also placed at this Iocation. Additionally, two
lateral accelerometers were piaced on the sting; one at the tethered

end and one near the sting mid-length.

1. Measurements from Manual Excitation of the Model

Measurements were initially taken with no air loading by

manually shaking the model for both the no-tether and with-tether
cases. Plots of the power spectrum measurements for the model

cavity vertical and horizontal accelerometers are given in Figures 17
and 18, respectively, for the no-tethers case for a 0. to 10. Hz
frequency range. All amplitudes in these plots and subsequent plots
are shown in root-mean-square volts squared where one volt

corresponds to a one O ac.celeration. Resonance peaks are labeled
with the measured frequency and likely corresponding mode shape,
i.e. the finite element model mode shape most Likely to agree at that

measured frequency. Nots 19 and 20 show the same measurements
but with the tethers connected (here the frequency range was from

0.5 to 10.5 Hz so to eliminate any analyzer error in attempting to

calculate a power spectrum level at zero Hz).

These measurements were taken to gain insight into the modal

behavior of the system and the effect of the tethering system upon
that behavior. The response peaks measured correlate well to the

modes predicted by the finite element model with the main
difference being that the lateral modes are lower in frequency than



that expected (e.g.0.962 Hz for measured lateralbending vs. 1.26 Hz

predicted lateral bending with no tethers). The shiftof the no-

tethers lateral bending mode from 0.962 Hz to a with-tethers

combined lateral/torsion mode at 3.088 Hz was in stark agreement

with the finite element model (FEM) predictions. The occurrence of

both the lateral/torsion mode and vertical bending mode near the 3

Hz frequency point correlated well to the FEM prediction. (The

vertical bending mode was measured at 3.413 Hz in the with-tethers
case and at 2.987 Hz with the no-tethers case. This shiftis believed

due to having the vertical load compensation system active in the

with-tethers case and not active in the no-tethers case. This

frequency shift was seen later during air loading runs, and the load

compensation system effects were not included in any of the FEM

analysis.)

Structural damping estimates were desired for the various

resonance modes so that changes in damping could be monitored

during the tunnel envelope check run. An effective structural

damping estimate of 4.0% was made on the lateral/torsion mode

peak in the with-tethers case (see Figure 20) using the peak-picking

method. This method approximates the structural damping at a

resonance by dividing the peak's half-power point bandwidth by

that peak's resonance.frequency. The method assumes a uniform

random noise input over the frequency range of the normal mode, a

structural damping level less than 10%, an analysis resolution

bandwidth much smaller than the half-power point bandwidth (a

ratio on the order of 0.2 or less), and that the resonance mode does

not overlap heavily with neighboring modes. (See Engineering

Applications of Correlation and Spectral Analysis, by Bendat and

Piersol). The 4.0 % estimate made in this no-air loading, manual

excitation case is crude because the input was intended to excite this

particular mode and to maintain its amplitude, which is far different

than inputting uniform random noise. Otherwise the estimate would

have been reasonable since the analysis resolution bandwidth to

half-power point bandwidth ratio was 0.0125 Hz/0.125 Hz or 0.1, no

neighboring modes heavily overlapped this mode (the vertical

bending mode, though neighboring closely in frequency, does not

have any significant lateral acceleration component that would be

seen in this particular measurement), and the resulting 4% damping

estimate is below the 10% limit for method accuracy. Though crude,

the 4% estimate did give a preliminary ballpark figure for the

damping levels present in the system.
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Measurements taken on the two stingmounted accelerometers

(#3 and #4 of Figure 16) showed no new information regarding the

low frequency modes and insufficientinput was applied with the
manual excitationto obtain clean measurements of higher frequency

modes.

2. Measurements During the Check-Out Run

The model/sting response was monitored in a check-out run

covering the range of airspeed and model angle of attack intended

for the subsequent model testing.

a. Low-End Mach Number Sweep

The model/sting system was first checked out for zero angle of
attack at Mach numbers progressing through 0.3, 0.4, 0.5, 0.6, and

0.75 settings. The model/sting response was monitored between
frequencies of 0.5 and 32.fi Hz so higher frequency modes could be
tracked for any indications of flutter behavior. Accelerometers #1
and #2 were tracked primarily and power spectrum plots were made
for these at all test points. Accelerometers #3 and #4 were
monitored secondarily, and the output from these accelerometers
was recorded only at the Nm = 0.5 point. Figures 21 through 29
show the recorded output from this portion of the test envelope

check-out.

A plot of peak response, damping estimate, and frequency
versus Mach number was made for the two low frequency modes.
These are shown in Figures 30 and 31. Response amplitude growth
with Mach number for these two modes was very stable and

damping appeared to increase. Frequencies shifted downward for
both modes with the vertical bending mode frequency going below
that of the lateral/torsion mode.

A plot of amplitude and frequency of one of several modes
around the 20 Hz range did show amplitude growth greater than
linear growth and an apparent increase in frequency. See Figure 32

for this plot. Some coalescing of modes in this frequency range was
thought possible from the data plots (compare Figure 28 to Figure
21). System response in this frequency range was subsequently
monitored with equal attention as the lower frequency modes.

b. ,_ngle of Attack Sweep for Low-End Mach

9



Angle of attack variations were run in the 0.5 to 0.75 Mach
number regime. The angle was swept was between 0 and 5 degrees
at Nm = 0.5 and no significant change in system modal response was
observed. A constant angle of attack of 2.5 degrees was set and the
Mach number was run back up to 0.75 with no significant changes.

Power spectrum plots were made for these runs but are not included

in this report.

c. High-End Mach Number Sweep

Having seen no divergent growth in resonance amplitudes nor
significant loss in modal damping, the model/sting system was then
monitored for the remainder of the test envelope Mach range. The

angle of attack was set to zero and the Mach number increased from
0.75 through settings of 0.79, 0.82, 0.85, and 0.88. See Figures 33
through 37 for power spectrum plots of accelerometers #1 and #2 for
these test points. No divergent growth of resonance peak amplitudes
was observed, and the modes in the 20 Hz range appeared to
diminish and wash out rather than grow further. The response peak

of the system for the lateral/torsion rocking (the fu-st large peak for
acce.lerometer #2 on Figure 37) did appear somewhat sharpened and

higher in amplitude at the 0.88 Mach point setting. The damping
level of this peak was judged stii1 well within reasonable bounds and
no higher Mach number is intended for the test envelope. The
behavior of this peak and the peak for the vertical bending mode
were monitored closely in subsequent angle of attack sweeps at high
Mach numbers.

Additionaliy, a power spectrum in rms volts for the 30 through
230 Hz frequency range was made for the #1 and #2 accelerometers
for an angle of attack equal to zero and at Mach 0.88. This plot, seen
in Figure 3 8, provides indication of power spectrum levels at higher
frequencies where test measurements upon the telescope model are

planned.

d. Angle of Attack Sweep for High-End Mach

Angle of attack sweeps were then run from 0 to 5 degrees at
Mach points 0.79 and 0.82. Angle of attack sweeps from 0 to 4
degrees were run for points 0.85 and 0.88 (the 5 degree point was
not run for the last two Macb. points because of lift loads being

higher than expected and near the design limit at 4 degrees). Figures

10



39 through 43 show the power spectrum plots for accelerometers #I

and #2 for these test points. Amplitudes, frequencies and damping

were monitored throughout these sweeps. No unusual amplitude

growth or frequency shiftswere observed.

Damping was monitored closely through the alpha sweeps for

the high-end Mach numbers, and estimates ran between 3.1 and 8.1

%. The higher damping es_rnates were usually for the first peak of
the #1 accelerometer, which measured vertical accelerations in the

cavity area of the aircraft model. This accelerometer was subject to
accelerations from both the vertical bending and lateral/torsion

modes. Because these two modes were consistently closely spaced in

frequency, the damping estimate is subject to significant error (in

effect the single peak used for damping estimation is actually a

double peak spanning two modes).

For all the measurements taken over the 0.5 to 32.5 Hz

frequency range, the frequency resolution to ha.If-power point
bandwidth ratio was on the order of 0.32 to 0.36, which is greater

than the recommended 0.2 or less. The result is that the damping

estimates are somewhat imprecise and useful in more of a

qualitative sense for monitoring relative change.

e. Damping Estimate for Worst Case Conditions

The final measurement at 4 degrees angle of attack and Mach

0.88 was repeated for a 0.5 to 10.5 Hz frequency range and for 8

time averages so to increase the frequency resolution and attempt to

get an accurate damping estimate at worst case tunnel/model
conditions, The results of this data run are shown in Figure 44 and

shown again in Figure 45 on a magnified amplitude scale.

These plots show many closely spaced slender peaks, which if

taken individually as separate modal peaks, show modes with

damping around 1.5%. The reason for the spikiness of the power

specn-um curve is unclear. A greater number of time averages

would help to reduce the noise effects remaining after 8 averages,

but these effects may not be the cause of the spikiness.

Nonlinearities in the structure, primarily from the vertical support

strut drive and hysteresis in the joints, may cause the resonance

frequency to incrementally shift so that no clear single peak

emerges. The effective damping of a mode assumed to have no
nonlineariLies is difficult to estimate from such plots and may be best

11



estimated by observing the nonlinear peaks with a reduced

frequency resolution (as was done for most of the check run with the

0.5 to 32.5 Hz power spectrum plots).

IV. Conclusions

The model/sti_ng system did not diverge nor flutter in the test

envelope check-out run, which other than for yaw angle changes,

covers the test envelope range intended for the SOFIA model test.

This was obvious to all whom observed dae model during the run,

irrespective of these measurements. No strong indications of the

onset of flutter occurred during the power spectrum measurements,

though the conditions for heightened concern did occur and were

monitored for their development.
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